Abstract. Soil nitrate-nitrogen (NO3-N) data arranged on a three-dimensional grid were analyzed to compare tillage effect on the spatial distribution of residual NO3-N in the soil profile of agricultural plots drained by subsurface tiles. A three-dimensional median-based resistant (to outlier(s)) approach was developed to polish the spatially located data on soil NO3-N affected by directional trends (nonstationarity in the mean) in three major directions (row, column, and depth) and along the horizontal diagonal directions of the grid. Effect of preferential or nonpreferential path of transport of NO3-N in the vertical direction defined as sample hole effect was also removed to make the data trend-free across holes. Composite three-dimensional semivariogram models (along horizontal and vertical directions) were used to describe the spatial structure of residual soil nitrate distribution. Two plots in the same field, one under each tillage system (conventional tillage and no tillage), were studied. In each plot, soil samples were collected at five depths (30, 60, 90, 120, and 150 cm) from 35 sites (holes) arranged on a 7 x 5 regular grid of 7.6 x 7.6 m. In the conventional tillage plot, residual NO3-N concentrations decreased gradually to a depth of 90 cm and increased beyond this depth. The coefficient of variation, however, became gradually smaller, showing more uniform distribution for greater depths. In the no-tillage plot, trends were similar to those in the conventional tillage system, but were spatially more stable across the profile. Structural analyses indicated that under conventional tillage, the semivariogram of residual soil nitrate distribution was linear in the horizontal and vertical directions. In contrast, the semivariograrns for no-tillage showed nugget-type behavior, indicating a lack of spatial structure in the residual soil nitrate.
Introduction
In recent years, increased public concern about water quality has heightened interest in the efficient use of nitrogen for agricultural production systems. Studies have indicated that nitrogen application rates in agricultural fields are often much higher than the crops can use. Therefore the unused nitrogen either leaves the system through leaching, washoff, and volati!ization or remains in the soil profile for possible leaching to groundwater. Knowledge of spatial structures and other inducing factors for residual nitrate distribution in the soil profile under different tillage practices is useful to understand its transport, transformation, and retention pat- Sweeping the localized effects by exploratory approaches [Tukey, 1977; Velleman and Hoaglin, 1981] [Matheron, 1963] or robust geostatistics [Cressie and Hawkins, 1980 ] is becoming popular in soil science. Among others, one important advan. tage of these approaches is that they allow visual examina. tion of data for normality, constancy in the mean and the variance, and trend freeness. Trends are often unverified by geologists and soil scientists, who confuse inherent spatial structure with the effects of extrinsic factors and drift [Horowitz and Hillel, 1983; Hamlett et al., 1986] . In the present study, data arranged on a three-dimensional grid and resistant (to outlier(s)) schemes were investigated with the "three-way main effects only" median polish approach [Cook, 1985] , an extension of "two-way" median polish [Tukey, 1977 
Experimental Design
Two 0.4-ha (1 acre) plots, each under a different tillage system (conventional tillage and no tillage), were selected at the Agronomy and Agricultural Engineering Research Center near Ames, Iowa. The plots had been continuously planted to corn under the same tillage system for 5 years and had received an application of 175 kg/ha liquid nitrogen fertilizer every year. For both plots, a single application (soon after planting) of nitrogen was adopted. Soils of these plots were Nico!let loam (fine loamy, mixed, mesic aquic Hapludolls) and Clarion loam (fine loamy, mixed, roesic typic Hapludolls) in the Nicollet-Clarion-Webster Association and had a maximum slope of 2%. Each plot was drained by a single subsurface tile drain at 120 cm depth to eliminate periodic buildup of excessive wetness.
Samples were collected from both plots by using a 5 x 7 grid network of 35 sites, with a regular grid spacing of 7.6 m. Sampling scheme was limited to plot boundary in horizontal directions and close to subsurface tile in the vertical direction. Soil samples were taken to a depth of 150 ½m at 30-cm intervals with a 3.2-cm probe. There were 175 data points in total. Figure 1 shows the location of sampling points within the plot arranged on a three-dimensional grid. Under the practical geostatistical rule for the minimum number of pairs for semivariogram estimation [Journel and Huijbregts, 1978;  N. A. C. Cressie, personal communication, 1992], our number of samples is considered adequate. The labor and budget required in conducting a study on NO3-N transport and retention in soil profile were also considered in determining the number of samples. Each soil sample represents average NO3-N over 10 cm depth at a particular spatial location (x, y, z). A sample of 10-cm length, however, was considered a point sample for the two-and one-dimensional type semivariogram estimation in horizontal directions. In vertical direction, however, regularized semivariogram models [Journel and Huijbregts, 1978 Variability in geo-related properties such as transport, transformation, and retention of NO3-N is likely to be three-dimensional in the three-dimensional space of a soil profile. In our study, we identified the effects of crop row parallel to the grid row, of tile-induced water table elevations parallel to the grid column at deeper depths, and of surface/ subsurface soil .and soil water content parallel to the grid depth in residual NO3-N distribution in the soil profile. Also the effects of (tillage-induced) pore size distribution, pore length, and their continuity were found in residual NO3-N distribution. Although spatial field experiments are usually designed with their grids in meaningful directions, residuals should still be checked for cross-product trends or interactions, e.g., between row and column factors, along the diagonals. Unlike a mining problem extending over great variogram models constructed in this manner will result in conditionally nonnegative definite models and as a consequence to noninvertible kriging matrices. However, nonnegative definite models are sufficient conditions in this application as we did not use semivariogram models for kriging purposes. This three-dimensional spatial variability phenomenon can also be interpreted as geometric anisotropy in three directions (i.e., x, y, and z).
Composite Three-Dimensional Semivariogram

Define 'y(h x, hy, hz)= T(hx)+ T(hy)+ T(hz)-
In addition, two-dimensional horizontal isotropic sample semivariograms (7*(hx, hy)) were computed for comparison purposes.
The classical semivariogram estimator as developed by range, such as nugget, linear, and spherical models were used to describe spatial structure fitting the one-dimensional average sample semivariograms. Vertical semivariogram models, however, were regularized to compensate for the vertical sample length of 10 cm.
Results and Discussion
Various statistical parameters for NO3-N levels at various depths and tillage systems were estimated and compared (Table 1) Initially, soil NO3-N concentration data were examined for additivity of small effects (normality) at each hcirizontal layer at different depths under both conventional tillage and no tillage. In most instances, these conditions could not be satisfied. Therefore log e transformations were made to achieve normality if the data were lognormally distributed. Because most soil NO3-N concentration data were found lognormally distributed, all further analyses of resistant techniques were made using the log,-transformed data. Besides additivity in small effects (normality), additivity of small effects to large effects (homogenous variances) is usually achieved by log e transformation of the data [Cressie, 1985; Hamlett et al., 1986] . Cressie [1985] clearly showed the advantage of (combined) weighted average semivariograms based on the transformed grades over scaled (relative) semivariograms across regions. Our study also revealed that log, transformation can be used as a variance-controlling transformation.
Detrending
Loge-transformed soil nitrate concentration data were examined for stationarity or possible trend in the median along the two major directions of the grid (i.e., along the row and the column). Medians of five rows and seven columns were plotted across the respective rows and columns to investigate any nonstationarity (or trend) along directions parallel to grid columns and rows, respectively. In both tillage practices (no tillage and conventional tillage) and all five horizontal layers (at 30-, 60-, 90-, 120-, and 150-cm depths), nonstationarity was more the rule than the exception. We picked up one example, arbitrarily, to show the nonstationarity in the median along rows and columns. ish-resistant scheme was adopted to clean up the data; free the data from directional trends, nonstationarity in the mean, and nonstationarity in the variance; and make the data set more homoscedastic and suitable for geostatistical analyses. The trend-free residuals were used to compute the experimental semivariograms for horizontal layers and vertical faces, and average semivariograms in horizontal and vertical directions were calculated as weighted averages of the individual semivariograms. Two composite three-dimensional semivariograms for conventional tillage and no-tillage were generated by using three one-dimensional semivariograms in the x, y, and z directions with theoretical spatial fitted models. The three conclusions of this study were as follows.
1. At the experimental site, residual NOs-N concentrations in soil decreased to a depth of 90 cm. Beyond this depth, NOs-N concentrations increased. The distribution was gradually uniform for the conventional tillage system and stable for the no-tillage system across the soil profile. 
Spatial distribution of residual
